Background: The relationship between whole brain radiotherapy (WBRT) dose with intracranial tumor control and overall survival (OS) in patients with non-small cell lung cancer (NSCLC) brain metastases (BM) is largely unknown.
Background
Brain metastasis (BM) is a common complication in nonsmall cell lung cancer (NSCLC), affecting up to 50% of patients within the overall disease course [1, 2] . Even with the best supportive care, BM patients usually have a median survival time (MST) of only 1-2 months [3] . The BM population is extremely heterogeneous with varied outcomes signifcantly associated with the recursive partitioning analysis (RPA) classes I -III and graded prognostic assessment (GPA) criteria scores [4] [5] [6] . For decades, whole brain radiotherapy (WBRT) to control neurologic symptoms and intracranial tumor growth has been the standard treatment for NSCLC BM patients [7, 8] . In some studies, WBRT has been shown to extend patient MST up to 7 months with a range of 3 to 15 months [5, 8] . However, the relationship between total or biological effective dose (BED) of WBRT with intracranial tumor control and overall survival (OS) has not been elucidated well [9] .
Supported mostly by symptom control trials, current NCCN guidelines (version.2.2018) recommend WBRT dose schemes of 20 -40Gy/5-20 fractions (f) and 20Gy/ 5f for poor responders [10] [11] [12] [13] . For patients who are oligometastatic (having 1-3 lesions) or have good GPA scores, WBRT is combined with surgical resection or stereotactic radiotherapy (SRT) to further reduce intracranial relapse and mortality [14] [15] [16] [17] . For patients with multiple metastases (having ≥4 lesions), WBRT is preferably used; however, intensity of WBRT has severe side effects of dose-related memory decline and neurocognitive dysfunction over time should be considered when considering treatment dosage [18] [19] [20] [21] . To resolve this dilemma, radiosensitizing or chemotherapeutic agents and hippocampal avoidance techniques have been studied in pursuit of the optimal low but still effective WBRT dose [22] [23] [24] [25] . In this regard, the determination of minimal WBRT dose for tumor control or survival improvement is highly relevant.
This study assesses the association of WBRT total dose levels with OS and intracranial progression-free survival (iPFS) through retrospective analysis of a recent cohort of NSCLC BM patients treated at one center in China.
Methods

Study population
Five hundred ninety-five NSCLC BM patients who were newly and consecutively treated at the Fourth Hospital of Hebei Medical University between 2013 to 2015 were retrospectively considered and analyzed in our study. All patients received a pathological diagnosis of NSCLC based on the primary tumor and their BM diagnoses were established by CT or MRI brain imaging. Meningeal metastasis was additionally diagnosed by having imaging features of enhanced nodules or lumps of BM images or malignant cells identified in the cerebrospinal fluid. Patient were followed up every 2 to 3 months after discharge and encouraged to visit the hospital clinic immediately upon new or worsening signs or symptoms. Patients alive on December 1, 2016 were censored. Treatment failures included death or intracranial tumor progression defined as a new enhancing lesions or > 20% increase in one-dimensional measurements of an existing lesion per the Response Evaluation Criteria in Solid Tumor (RECIST) guidelines (version 1.1). The OS (iPFS) days was defined as 1 plus number of days between BM diagnosis and death date (the earlier date of treatment failures) or December 1, 2016, whichever was earliest. iPFS was considered as a proximate measure of intracranial tumor control.
WBRT and other radiotherapy on BM
Only 42% (n = 251) of our study population received WBRT regardless of other RT modalities administered.
Causes could be admissions and management in different clinical departments of our hospital independent of consultation with the Department of Radiation Oncology as well as some physicians lacking standardized guidelines to treat NSCLC BM.
In consideration of variable independence required in statistical models, RT modalities were classified into (1) four total dose levels of WBRT: 0 (i.e. none), < 30, 30-39, and ≥ 40 Gy; (2) three local RT dose levels of 0, < 50, and ≥ 50 Gys delivered focally or through boost RT with simultaneous or sequential WBRT to the largest BM lesion; (3) whether SRT was used or not.
All RTs were delivered with 3-dimensional conformal or intensity-modulated ones (IMRT) and used 6 MV Xrays generated by medical accelerators. Only daily RT was performed. Among WBRT patients, the delivered regimens of 40Gy/20f, 30Gy/10f, and 37.5Gy/15f constituted 46, 41, and 5% (n = 12), respectively; less than 3% (n = 6) selectively used 20Gy/5f due to initial poor performance; less than 6% failed to complete the prescribed WBRT sessions due to debilitating performance, serious adverse events (SAEs), or voluntary withdrawal. Further analysis of charted SAE events showed that over 95% SAEs were hematologic in nature (leukopenia, neutropenia, or thrombocytopenia) with Radiation Therapy Oncology Group (RTOG) toxicity grades ≥3, likely due to recent chemotherapy or chest RT. All SRTs were carried out with Gamma Knife with marginal doses of 10-15 Gy (defined to represent the 50% prescription isodose line) to the solitary or larger tumor of BM patients with 1-2 brain lesions.
Statistical methods
Statistics were described in terms of mean, median, percentage of total, standard deviation (std), and others. Comparisons were conducted by ANOVA, Wilcoxon rank-sum, Chi-squared test or Fisher's Exact test if applicable. Kaplan-Meier curves were used to estimate MSTs and 95% confidence intervals (CI). Proportional hazard Cox models were used to estimate hazard ratios (HR) and 95% CIs with p values. Final covariates were determined after examining univariate analysis results and through review of current literature. Two-sided p < 0.05 was cited as being statistically significant. All statistical analyses were performed with SAS 9.20.
Ethics and Informed consent. The study was approved by the Medical Ethics Committee of the Fourth Hospital of Hebei Medical University in China in 2016 (record #: 2016-0634). No written or verbal consent from participants was needed for retrospective analyses under the Chinese Government's medical research regulation and restrictions. Only de-identified protected health information was used.
Results
Comparison of patient's characteristics among WBRT subgroups
Overall, patients had a mean age (std, range) of 58.7 (10.0, 27-82) years. 43.5% were female; 42% (n = 251) had WBRT. Patients were stratified into four dose levels of WBRT as mentioned previously, 0 (i.e. none), < 30, 30-39, and ≥ 40 Gy, with compositions (number) of 58% (344), 5% (30), 16% (93) and 22% (128), respectively ( Table 1 ). In short, patients who had WBRT were more likely to have poor performance (Karnofsky Performance Score, KPS < 70), short NSCLC history (< 1 month), no extracranial metastases, radical resection of primary lung tumor, and were less likely to have de novo cTNM Stage IV (60% vs. 80%) at NSCLC diagnosis.
Survivals of overall and by WBRT subgroups
Overall, the estimated MST (95% CI) of OS and iPFS were 9.3 (8.3-10.0) and 8.9 (7.6-9.6) months. Figure 1 shows the Kaplan-Meier curves of OS and iPFS of the four WBRT dose groups (both log-rank test p < 0.001) 0, < 30, 30-39, and ≥ 40 Gy. The MST of OS (iPFS) were 7.3 (6.8), 6.0 (5.4), 10.3(11.9) and 11.9 (11.9) months, respectively. Pair-wise comparisons showed non-WBRT patients had worse OS and iPFS than WBRT patients with doses of 30-39 Gy or ≥ 40 Gy (both p < 0.001). No statistical differences of OS and iPFS between patients with WBRT 30-39 Gy and ones with WBRT ≥40 Gy (both p > 0.50) were found. Estimated one-year survival rates were 37, 11, 62, and 63% for OS and 29, 11, 62, and 62% for iPFS, respectively. Table 2 shows the univariate analysis results. Except for SRT, cardiovascular disease (CVD), BM lesion number, BM resection, initial cTNM Stage IV, many characteristics were found to be statistically associated with OS or iPFS (p < 0.05). Compared to no treatment, WBRT 30-39 Gy and ≥ 40Gy were found to be significantly associated with improved OS or iPFS. Table 3 shows the multivariable analysis results. Tumor pathology (adenocarcinoma vs. non-adenocarcinoma) was not included as a covariate because it was insignificantly associated with OS and iPFS, with adjusted HRs of 1.066 (p = 0.59) and 0.965 (p = 0.75), respectively. Compared to none, both WBRT 30-39 Gy and ≥ 40 Gy were associated with improved OS, with HRs of 0.722 (p = 0.08) and 0.609 (p < 0.01) respectively, and with improved iPFS, with HRs of 0.714 (p = 0.06) and 0.669 (p < 0.01) respectively. However, patients with WBRT ≥40 Gy and 30-39 Gy showed no significant difference of OS (HR 0.843, p = 0.34) and iPFS (HR 0.937, p = 0.70). If the dose-effect of WBRT is assumed to be in one direction and continuous, WBRT doses ≥30 Gy appear to be invariably associated with improved intracranial tumor control and survival in NSCLC BM patients. Compared to none, local RT dose ≥50 Gy and SRT were significantly associated with improved OS. Compared to none, the local RT dose ≥60 Gy was significantly associated with improved iPFS (p = 0.03).
Univariate and multivariable survival analyses
The significantly worse iPFS (HR 1.625, p = 0.03) associated with WBRT < 30Gy (vs. none) was an unexpected finding. Uncorrected selective bias and or confounding effects by those unadjusted or uncollected covariates could exist. In addition, patients with WBRT < 30Gy (n = 30) either had WBRT 20Gy/5f (n = 6, all KPS < 60) or withdrew prior to completing the full WBRT with planned ≥30G dose due to the most commonly worsening KPS (related or unrelated to CNS symptoms). This observed association should be regarded as reverse correlation rather than causation. To the best of our knowledge, there are no published pathological mechanisms or studies supporting the role of WBRT accelerating the dying process. The dose-effect profile of WBRT under 30 Gy merits further investigation best in randomized controlled studies.
Stratified multivariable survival analyses by BM lesion number
To further examine if WBRT dose-effect survival profiles in oligometastatic patients could present differently from multiple metastatic ones, two sets of stratified multivariable survival analyses were conducted. Table 4 shows that WBRT 30-39 Gy and WBRT ≥40 Gy had no different effect on OS and iPFS in each subset of BM lesions (all p ≥ 0.50). Compared with the non-stratified analyses, smaller stratified analysis sizes generated slightly higher p values (p = 0.05-0.20) of WBRT 30-39 Gy with improved OS and iPFS (HR = 0.59-0.78) as compared to non-WBRT patients.
Adjustment survival analyses by common prognostic index
The RPA, Lung-GPA, and Lung-molGPA scores are userfriendly prognostic indice in NSCLC BM patients. Their calculation formula are reported in literature [6, 20] . Table 5 shows all three prognostic indices predicted OS well for our Chinese cohort. In addition, each adjustment model by prognostic index and RT modalities shows that WBRT 30-39 Gy and ≥ 40 Gy provided no statistically different HRs of OS (all p > 0.25). The same conclusion was reached for HRs of iPFS (data not shown). Thus, use of these prognostic indices as one integrated covariate supported the conclusions above as well.
Discussion
WBRT has been used as a standard treatment for BM patients for decades. However, the relationships of WBRT total dose with intracranial tumor control and [27] . Zhu et al. reported that 29 inoperable NSCLC BM patients treated with WBRT 40 Gy/20f plus simultaneous in-field boost IMRT 20Gy/5f had estimated MTS of OS and of iPFS as both 10 months [28] . Neither of two studies above enrolled non-WBRT patients. In our study, there were 58% 40 , p = 0.01) and with higher biological WBRT doses vs. 30 Gy/10f was 0.97 (0.83-1.12, p = 0.65); both are regarded to have "moderate-certainty" evidences [20] . In addition to WBRT dose, many other multifactorial and interrelated complexes can contribute to survival: such as genetic mutation and blood-brain barrier interactions with local treatments (e.g. RT or surgery) or drugs [20, 26, 27] . Thus far, WBRT administered after local surgery or SRT for patients with 1-3 BM has been evidenced to reduce neurologic death and intracranial relapse but not overall mortality [14, 29] . Currently, many studies have indicated a tendency of longer OS for WBRT-based RT regimens compared to chemotherapeutic ones [18, 20] . However, in the recently published QUARTZ trial, Mulvenna et al. concluded that WBRT provides no better survival than optimal supportive care (OSC) in NSCLC BM patients considered unsuitable for surgical resection or SRT [30] . In this trial, 538 patients in 2007-2014 were randomly assigned into OSC or OSC + WBRT (20Gy/5fr) arms; both arms had the similar MSTs (8.5 and 9.2 weeks, respectively) with an insignificant HR of 1.06 (95% CI 0.90-1.26, p = 0.81) [30] . We noticed that the QUARTZ trial treatment regimens served more palliative than curative purposes and that BM patients were recruited over 8 years and had quite short life expectancy period. Nonetheless, we believe our study population was far more representative of the real world of NSCLC BM patients in recent years and the conclusion should be applicable to the general NSCLC BM patients.
Many trials have failed to define the optimal dose and schedule of WBRT for OS or tumor control [7, 18, 20] . Most of them used various dose-fractionation schedules of WBRT 20-40 Gy/10 -20f and had different endpoints making comparison and generalization of the dose-effect profile difficult. Indeed, given that WBRT dose of either 30Gy or 40Gy is biologically regarded to be well below the lethal RT dose (presumably over 50 Gy) of tumor, the majority of WBRT regimens in those trials were intended only for palliative purposes [7, 11, 12, 18] . Two RTOG trials in the early 1970s each enrolling over 900 BM patients had concluded that multiple WBRT schedules (low vs. high of 20-40 Gy) and time periods (short vs. long of 2 to 4 weeks) had similar tumor response rate, palliative effects, and time to progression and survival [11] ; randomly-added ultra-short WBRT schedules (10Gy/1f vs. 12Gy/2f vs. 20Gy/5f) led to the same survival time but shorter time to brain tumor progression [12] . Kurtz et al. conducted one randomized control trial (RCT) in 255 highly-selected BM patients with good prognosis to conclude that WBRT 50Gy/20f and 30Gy/ 10f schedules had similar effects of symptom palliation, time to progression, cause of death, and survival [31] . Another trial comparing WBRT 32Gy plus 24.4 Gy to a boost field in 1.6 Gy fractions (b.i.d.) with WBRT 30Gy/ 10f among 445 patients had demonstrated that the accelerated hyper-fraction of WBRT made no difference on survival time [32] . However, one trial indicated that WBRT 40Gy/20f (b.i.d) in 113 patients had similar OS but higher tumor control rate (56% vs. 36%) and lower neurological mortality (32% vs. 52%, p = 0.03) than WBRT 20Gy/4f, [33] . Another trial involving 533 patients showed that WBRT 30Gy/10f compared to WBRT 12Gy/2f had a slight but statistically better OS (p = 0.04) [10] .. These trials support our conclusion that WBRT doses ≥30 Gy provide better intracranial tumor control.
How the local treatment of BM (surgery, SRT or boost RT) impacts the dose-effect survival profiles of WBRT is infrequently studied. Some published trials showed that combining SRT or surgery with fixed-dose-schedule of WBRT had improved OS and reduced local failure in had MST of 2.2 months longer (5.9 vs. 3.7 months, p = 0.03) and higher local tumor control rates at 6-, 12-and 24-month (p = 0.03) than patients with WBRT (30Gy/10f) alone [36] . In this study, we had 15 SRT patients (only one had subsequent WBRT) and 32 surgical patients (14 of them had WBRT before or after BM surgery). Through multivariable analyses, we found that SRT was associated with better OS but not iPFS, and the boost ≥50 Gy was associated with better OS than iPFS (Table 3) . Other factors affecting OS and iPFS were also identified in this study. Chemotherapy and targeted therapy were found to be quite effective in improving OS and iPFS (p < 0.001). While female, young age, good KPS, short NSCLC history, and primary tumor resection were associated with improved survival, the presence of extracranial metastasis and BM lesions ≥4 predicted poorer survival. These findings were consistent with other studies [4, [37] [38] [39] [40] [41] [42] . In this study, instead of using calculated GPA or RPA score, we decided to use individual covariates in Cox models to better estimate the independent dose-survival effect of WBRT. The adjustment analyses by RPA, Lung-GPA or Lung-molGPA confirmed that OS and iPFS profiles of WBRT dose level have not changed. The survival profiles of these common prognostic indices were also found to be consistent with other studies [4, 6, 41] .
We recognize that our current study has both limitations and strengths. In addition to the hidden selection biases of any retrospective analysis, weaknesses include: (1) the resultant link of delivered 'RT boost' and higher WBRT dose could compromise their independent benefit profile evaluation in somewhat way even through multivariate and stratified analyses; (2) the BED of WBRT was not calculated for use; we were concerned with the accuracy and validity of using traditional linear-quadratic formula and citing a specific α/β value for BED calculation among these NSCLC BM patients who received heterogeneous modalities of RT rather than the fixed-schedule of universal WBRT; as aforementioned, the actual percents of 40Gy/20f, 30Gy/10f, and 37.5Gy/15f regimen used were 46, 41, and 5% in 251 WBRT patients; (3) neither neurologic symptoms nor quality of life measurements were collected; (4) Only 4.7% of patients took the ALK gene mutation test; how this low test rate, high positive rate (21%, 6/28) and the rare use of ALK drugs in the Chinese population impact the study results was difficult to assess. Strengths of this study include (1) our cohort study was conducted at a single center between 2013 to 2015 during which the guidelines of NSCLC BM treatment experienced little variation; (2) three other RT modalities in their independent formats were considered in multivariable analyses; (3) individual covariates were also presented in the final models.
